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Introduction 
Ever since the physiological side of botany 
began to emerge from obscurity, the question of the re • 
lation between the nutrition and the growth of the plant 
has occupied a foremost position* 
A new chapter in the history of science began 
when Liebig (32) first discovered the Importance of inor¬ 
ganic or mineral substances in plant nutrition. This 
discovery led to a vast amount of work dealing with the 
problem of nutrition from many points of view, and the 
general results were the sorting out of the elements into 
three groups, nutritive^ toxic and indifferent. Thus cal¬ 
cium, nitrogen, phosphorus and potassium were classed as 
nutritive, arsenic, copper, and boron as toxic, and many 
others were regarded as indifferent. 
Since that time, however, closer examination shows 
that this division into three classes was too rigid. Now 
that experimental methods are more refined, it has become 
evident that no such simple grouping is possible. It has 
been found that typical nutrient salts are toxic when 
they are applied singly to the plant In certain concen¬ 
trations, the toxic power decreasing and the nutritive 
2 
value increasing on the addition of other nutrient salts. 
For instance, Burlingham (1907) (11) found that the typi¬ 
cal nutrient magnesium sulfate in concentrations above 
M/8192 is toxic to most seedlings, the degree of toxicity 
varying with the type of seedling and the condition under 
which growth takes place. A review of the whole subject 
leads one to conclude that in general both favorable and 
unfavorable conditions of nutrition are present side by 
side, and only when a balance is reached in favor of the 
good conditions can satisfactory growth take place. As 
indicated above, experiments have shown that the very 
substances that are essential for plant food may be in 
reality poisonous in their action, exercising a decidedly 
depressing or toxic Influence on the roots of the plant 
when they are presented singly. The toxic actions of nu¬ 
trient salts are decreased when they are mixed together, 
so that the addition of one toxic culture solution to 
another produces a mixture which is less toxic than 
cither of its constituents. Consequently a balanced so¬ 
lution can be made in which the toxic effects of the 
various nutrients for a particular plant are reduced to 
a minimum, enabling optimum growth to take place* 
iVhile the earliest observations set forth the 
3 
poisonous action of various substances upon plants. It 
was not long before investigators found that under cer¬ 
tain conditions those very substances seemed to exert a 
beneficial rather than an InjurlouB action* The poisons 
were therefore said to act as "stimulants" when they 
were presented to the plants in sufficiently great di¬ 
lution* This stimulation was noticed with various plants 
and with several poisons or toxic elements, and a hypo¬ 
thesis was brought forward that attempted to reconcile 
the new facts with the old conceptions* Any poison. It 
was suggested, ndfiht act as a stimulant if given in suf¬ 
ficiently small quantities* Brenchly1* (8) work indi¬ 
cates that tills la not universally true, such substances 
as copper, sine,and arsenic failing to stimulate certain 
plants even in the most minute amounts so far tested* 
Since the early studies upon the mineral nutrients 
of plants. It has been more or less apparent that any 
one of the nutrient salts employed singly may bo injurious, 
or may inhibit growth* The extent of this inhibition 
of growth has In recent years been more extensively 
measured* The term '’antagonism" Is used to designate 
the hinderanee that a given salt has upon the toxic 
action of another salt* Thus antagonism means that one 
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toxic substance acts as an antidote to another (Miller, 
1938) (51). 
As has been mentioned above, it is possible to 
mix two or more toxic substances In solution in such 
proportions that they lose their Individual toxic proper¬ 
ties. Such a solution has been termed a "physiologically 
balanced solution* (Loeb, 1906) (38) and may be defined 
as a solution in which the toxic effects that each salt 
would have were it alone present in the solution are 
hindered by one or more antagonistic salts in the solu¬ 
tion. It also has been defined as a solution containing 
salts in such proportions that they have none of the 
toxic properties of the individual salt*. 
The question of antagonism in regard to plants has 
been extensively investigated by Osterhout and his stu¬ 
dents (1906 to 1922). Osterhout (61) found that if 
antagonism between salts exists, there will better 
growth in the mixed solutions than in the solution con¬ 
taining a single salt. The amount of this increased 
growth expressed as percentage of the control solution 
was found to be the most satisfactory measure of antago¬ 
nism. 
In this experiment soy bean root elongation and 
appearance were used as a measure of antagonism and 
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and toxicity* Calcium, being on© of the most Important 
elements of modem agriculture and the best detoxifying 
ion thus far found, was used to antagonise the toxic 
effects of the other ions used - namely, copper, lithium, 
magnesium, manganese, and sine* 
Object of Investigation 
• 0 
This study was planned in order to obtain further 
Information concerning the toxicity of some of the toxic 
elements In simple salt solutions and the antagonistic 
effect of the oaloium Ion when mixed in solution with 
each of these. Special attention Is given to the effect 
of the single and mixed solutions upon the growth and 
appearance of the roots of the plant. It was thought 
such a study, besides adding directly to our knowledge 
of toxic and balanced solutions, would indicate the ac¬ 
tion of some of the toxic elements In culture solutions 
with and without calcium, since the question of their 
importance la such a great one at the present time. 
As a criterion of toxicity and antagonism, the 
growth of the roots of germinating soy beans was employed 
(17). The initial behavior of germinating seed Involves 
less complexity, within as well as without the organism, 
than is Involved in lator phases of growth. The compli¬ 
cated question of Illumination may be avoided, since 
such test can be carried out In darkness. Furthermore, 
the experimental period can be relatively short, thus 
practically avoiding many of the alternations in plants 
that increase with time. During the very early seedling 
) 7 
stage the plants are well supplied with organic food, 
and the initial supply of salts In the seedling Is suf¬ 
ficient to prevent the appearance of starvation syraptons 
in the roots which arc grown in distilled water* Never¬ 
theless the small supply of salts does not seem to be 
great enough to influence significantly the toxic action 
of a solution in which the roots are immersed* The proto¬ 
plasm of the roots appears to bo readily accessible to 
the toxic salts, and resulting retardation of the root 
growth furnishes an excellent criterion of toxicity. 
Calcium was chosen for this study because of its 
importance in the preparation of nutrient solutions for 
higher plants and its power of retarding toxic aotions. 
Copper, lithium, magnesium, manganese, and sine were cho¬ 
sen because of their importance in agriculture when used 
in small amounts and their toxic effects when used in 
large amounts* 
It is obvious that the critical ratios determining 
growth in nutrient and culture solutions do not apply 
directly to the soil, but at the present time there is 
no other way to analyse the normal condition of plant 
nutrition* 
-8 
Review of Literature 
Haumer (68) noted that simple solutions of salts 
of the alkali metals or of magnesturn were highly toxic 
to plants, and that the toxicity of such single salt so¬ 
lutions could be diminished by adding small quantities 
of calcium salts to the solutions. It remained, however, 
for Loew (40)(41) to make the first detailed study of 
the antitoxic action of the salts of two metallic ele¬ 
ments — magnesium and calcium, Loew demonstrated that 
Splrogum and the higher green plants are quickly injured 
by a solution whloh contains a magnesium salt but lacks 
a calcium salt. The presence of calolum in sufficient 
concentrations prevented the toxic action of magnesium. 
Loew elaborated a hypothesis to explain the toxic effect 
and Its concentration, and in later papers he emphasised 
the great Importance of a proper balance between magnesium 
and calcium In the soil as well as in solution cultures; 
but he appears to have regarded these two elements as In 
a category by themselves for he did not extend hi a hy¬ 
pothesis to Include salts of other elements (Loew and 
Hay 1901) (42). 
9 
Although It ha* been understood for some time 
tlmt animals and plants require a balanced nutrient for 
proper development, yet the modem inception of ante#/"* 
nlen 1© due to Loeb, who began publishing in 1901# He 
(56), (57), (50), (59) was the first Investigator to 
report extensive studies of salt antagonism and to dis¬ 
tinguish clearly between balanced and nutrient solution* 
Loeb discovered that young fish (Fundulus) soon die if 
placed in a solution of Had of the same concentration 
in which this salt is contained in seawater* When KC1 
and Ca 01^ were added to the solution in the correct 
proportions, the fish oould live indefinitely* Since 
the fish could also live for a long period of time in 
distilled water, Loeb concluded that KC1 and CaCl„ serve 
to render the Had harmless but do not act as nutritive 
substances* 
Antagonistic salt action was de monstrated by Loeb 
in an equally strlkingmanner by experiments with eggs 
of I'undulus* The fertilised eggs of this marine fish 
were observed to develop normally In seawater or dis¬ 
tilled water, but if placed In an H/2I«aCl solution, they 
die without forming an embryo* If, however, a trace of 
calcium wit was added to the H/BNaCL solution, the 
10 
toxicity was greatly diminished and the eggs lived long 
enough to fora embryos• Loeb by further tests established 
the valence rule* in which it was found that the toxic 
effects of salts of monovalent cations (fla* Li** K**otV) 
could be prevented by the addition of a small quantity 
of a salt of almost any bivalent cation (Ca^ Da* Sr* Zn,+ 
Pb? c«; vVl or any one of a number of trivalent cations* 
Anions, however* were observed to be practically without 
antagonistic action* 
Antagonism was considered by Loeb to depend upon 
an action of both salts on the egg membrane* whereby the 
membrane becomes impermable to both salts• The toxicity 
of each salt in simple solution was assumed to be due 
to its rapid diffusion through the membrane* 
Kearney and Cameron (31) reported an extensive 
series of tests on lethal concentrations of simple and 
mixed solutions for Lupinus albus* They found that in 
• 
the mixed solutions the toxic effect of the more injur¬ 
ious component was greatly diminished* or the lethal con¬ 
centrations of the more toxic salt was markedly increased. 
The addition of sodium ions to a solution containing 
magnesium ions in most instances markedly weakened the 
II 
toxic action of the latter; and the addition of calcium 
Ions to the solution® containing either sodium or magnesium 
Ions nearly always counteracted to an extraordinary degree 
the injurious effects of the sodium or magnesium ions, 
Oeterhout (55) in a series of investigations with 
plants, confirmed and greatly extended the work of Loeb 
■ ' V * / ' • ‘ * * ’ K * * * I 
on animals. He (53) found that each of the salts of the 
seamter was toxic to marine algae when it alone was pres¬ 
ent In solution, but the toxic effects were mutually coun- 
teracted In a mixture of these salts In the proper pro¬ 
portions, The results of further experiments by Oster- 
hout (54) with fresh water algae, llverwarts, Equisetum, 
and several species of flowering plants were in close 
agreement with those obtained from his study of Karine 
plants, and showed that physiologically balanced solu¬ 
tions have the same fundamental importance for plants as 
for animals, Osterhout (54) emphasises the view that 
i, V 
the injurious effects of single salt solutions cannot 
be due merely to starvation, for distilled water was less 
harmful than simple solution. Furthermore, he emphasises 
:• i,' ’ ' . * • 1 i * . * * J ,, * » f 
tiie distinction between balanced solutions and nutrient 
solutions, A nutrient solution must contain cell sub¬ 
stances needed for nutrition; it may be used In such 
dilute form that none of its components would exert a 
toxic action even if the other constituents were removed* 
A balanced solution* on the other hand* is composed of 
salts that would ho toxic in simple solution? the com¬ 
ponents of the balanced solution do not necessarily have 
a nutritive value« 
In the later series of papers Ostcrhout (5b) (56) 
(50) (59) (60) calls attention to the fact that In order 
to express antagonism quantitatively it is necessary to 
know th© additive effect — that is* the total toxic ef¬ 
fect that the solution would have if no antagonism ex¬ 
isted and if each salt exerted its toxic effect independ¬ 
ently • Ostcrhout illustrates the use of additive effect 
by means of some data representing the growth of wheat 
roots after thirty days in simple and mixed solutions of 
HaCl and Ca01o* By comparing the additive effect with 
tiie effect of the mixed solutions; It may be easily ob¬ 
served whether the toxicity of the two salts in the mixed 
solution is unaltered (the same as the additive effect)* 
whether the toxicity diiaixiished (less than the additive 
effect), or whether the toxicity is increased (greater 
• % 
than the additive effect)* Moreover* the additive ef¬ 
fect if known, serves as the basis for an accurate quanti¬ 
tative measurement of antagonism* In cases where equally 
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toxic simple solutions of the two salts remain equally 
toxic when diluted to the same degree, Osterhout has found 
it convenient to employ mixtures of equally toxic solu¬ 
tions# tn such oases, the additive effect of every mix¬ 
ture is the same effect of either simple solution# If, 
for example growth in mixed solution exceeds that in 
either of the simple solutions, this lnerease growth 
represents antagonism# 
Alternations in the form of antagonism curves as 
affected by dilutions are discussed by Osterhout (57)# 
Although he does not give the results of specific experi¬ 
ments, he gives diagrams representing generalised types 
of ourvea. These show that with very concentrate ! solu¬ 
tion the antagonism curve exhibits a distinct maximum 
i 
corresponding to a clearly defined optimum set of salt 
proportions# Eut as the solution becomes more dilute, 
the antagonism curve becomes flatter, and at a still 
greater dilution it tends to become a horizontal straight 
line. In short, he says, growth in strong solutions 
furnishes a much more satisfactory criterion of antag¬ 
onism than growth in weak solutions# 
McCool (46) studied the effects of a large series 
of salts on the growth of young wheat and pea seedlings# 
The following cations arranged in the order of decreasing 
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toxicity was studied: Ba,+ Sr) NH^, Mg)+Ha> and F.J Jlutual 
antagonism was observed between 9(g*«nd KH4, K+and Bay Mg4"* 
and Baj but Ca+f was moat effective In preventing toxic 
action, McCool also reports that the toxicity of MrTiona 
was counteracted by ca) Ha) and Mg^ions, and that mutual 
antagonism exists between the ?h+ion and eaoh of the fol¬ 
lowing: K) Ha- and Mg)4" 
Hansteen (25) (24) reported observations of the 
specific effoots of a number of cations on root develop¬ 
ment of wheat» Hie results in general* are In agreement 
th those of Ostcrhout* Antagonism, even in solutions 
as dilute as 0*0015 I!, was rccordod between K^and Ca*and 
i , 
between £*and !lg)v 
Ssucs (75) showed that A1C13 decreased the toxicity 
of CuSO^* He used for the criterion of toxicity — namely, 
the Inability of injured roots to exhibit geotrophic re¬ 
sponses after inversion in toxic solutions* Also, using 
duration of life of spirogyra, he obtained evidence that 
KB03 has a slight antagonistic effect toward quinine hy¬ 
drochloride, Ca(NOg}g had a mere pronounced effect, and 
A1(N0s)3 the greatest effect* Tills agreed with Boeb's 
conclusion that the antagonistic power is a function of 
the cation valence* Moreover, microchemioal test indi¬ 
cated that the diminished toxicity was due, as Boeb had 
IS 
suggested, to the hindrance of the entrance of the poi¬ 
son* 
Hawkins (25) mad© a stud/ of the influence of cal¬ 
cium, magnesium, and potassium nitrates upon the toxicity 
of certain heavy metals toward the spores of Glonerella 
cingulata. Harked antagonism, apparently resulting from 
a simultaneous action of the two salts upon the spores, 
was observed with most mixed solutions. The results with 
Ou('TO^)r> art? especially interesting since it was found 
that in order to counteract the toxicity of the 
molecular ratio of CafSTO^g to Cu(5f05)2 needed to be in¬ 
creased from 0.03 to 6.25 when the concentration of CufSO^Jg 
was increased from 0.Q001K to 0.0080!!. Zinc also followed 
the sane general trend. Thus, favorable proportions of 
the two salts changed with alternations of concentration — 
an observation which apparently is not consistent with 
the results obtained by several investigators, including 
i 
Osterhout. 
As a result of an extensive series of tests in 
thich electrical conductivity of tissue was used as the 
criterion of antagonism, Osterhout (61) has developed 
an elaborate hypothesis to explain antagonism. Ke assumes 
that the antagonistic salts combine with some constitu¬ 
ent of the protoplasm to fora a compound, at a 
-IS 
surface, (th© external surface of the cell or Internal 
surfaces). On account of antagonistic action, the salts 
in a balanced solution penetrate living cells more slowly 
than do salts in an unbalance! solution, and the slow 
penetration has a favorable influence on th© life processes 
so long as the substance within the coll remain properly 
H 
balanced. Loob (38) and Sauce (73) also explained antag¬ 
onist as due to th© feet that antagonistic substances tend 
to prevent each other from entering the cell. 
Osterhout’s hypothesis is in harmony with his ob¬ 
servation that while variations in total concentration 
of foot the form of the antagonism curve, they do not in 
general affect the proportions which are most favorable 
for life processes. 
Oaterhout (61) also formulated a hypothesis which 
enables one to predict what substances (including both 
electrolytes and non-eleotrolytes) will antagonise each 
other. This hypothesis states that a substance which 
causes a decrease of electrical resistance (or permea¬ 
bility) of plant tissues will antagonize any substance 
which produces an increase, of electrical resistance 
(or permeability) followed by a decrease. The degree of 
antagonistic action could also be predicted by observing 
the amount of decrease of resistance produced by the 
17 
salts* 
True (31) made a study of the function of cal¬ 
cium In the nutrition of seedlings of various crops 
grown In water cultures and concludes that pure water repre¬ 
sents a partial ionic vacuum to roots of plants and 
tends to establish an equlUbfunt with the cell contents 
by the withdrawal of ions from the plant. This leads 
in some plants to deep seated changes and to consequent 
injury. He further states that this injurious action is 
not fully overcome by any one pair of ions (salt) tested, 
but is very largely overcome by salts yielding the Ca** 
ion and to a very much less degree by those yielding the 
Mg ion. True also did work (82) which indicate1 that 
calcium has a protective function in preventing the so¬ 
lution of ceil walls and also rendering them less perme¬ 
able to other ions. He also concludes that a certain 
quantity of calcium ions must be present in the medium 
for the maintenance of the cell wall, as well as the 
chemical integrity of the deeper lying living parts of 
the cells of the absorbing roots of higher green plants. 
When this is maintained absorption takes place in the 
manner usually considered normal. 
Trclease and Treleace (77) and £isenmeng©r (17) 
-IS 
demonstrated that the roots of young wheat seedlings 
can be used satisfactorily for demonstrating the growth 
retarding effects of single salt solutions and the antag¬ 
onistic action of mixed solution. Eisenraenger (17) found 
marked antagonism between Ca(N03)2 and MgSO^ and CafHO^)^ 
and other salts used. He found that generally the index 
of antagonism was inversely related to the total concen¬ 
tration of the solution# and to produce nearly optimum 
growth, the molecular ratio of Ca(?T0,)2 to MgSO^ had to 
be greater when the concentration of KgSO^ was greater. 
According to Miller (51) the theory of antagonism 
assumes that the protoplasmic membrance possesses a cer¬ 
tain degree of permeability at which it functions normal¬ 
ly, and when this ps rmoabllity is increased or decreased 
beyond a limit the activities of the protoplasm are im¬ 
paired. If an organism is placed, for example, in a so¬ 
lution of sodium chloride, the permeability of the proto¬ 
plasm is increased to a point that it is injurious to 
it; and if it is placed in a single solution of a cal¬ 
cium salt, the permeability will be decreased to the 
point of injury. If, however, these two salts are 
mixed in the proper proportion, their effect on the 
protoplasm will counteract each other, and the permea- 
19 
bility of the protoplasm will b© altered so that the 
cell or organism will function normally, 
Raumer and Keileraann (65) ascertained that salts 
of magnesium arc toxic when used alone and that toxicity 
disappears when sufficient calcium is present in the nu¬ 
trient solution. 
According to Bamford (4), the necessity of calcium 
for plant growth was first demonstrated by Salm-Horstman, 
1656, Loew (43) proposed the hypothesis that one of the 
nrincipal functions of calcium in plant metabolism is to 
neutralize the toxic action of magnesium and that a cer¬ 
tain calcium — magnesium ratio varying with the type of 
plant i3 necessary for the proper growth and development 
of the plant, Lipraan (34), however, after a thorough 
resume of the literature on the subjeot concluded that 
the experimental work presents no evidence in support of 
the hypothesis that a specific calcium-magnesium ratio 
exists for any plant or group of plants. He considered 
that there is no more reason to assume that there should 
be a proper ratio in the soil between calcium and mag¬ 
nesium than that tnere should be a proper ratio between 
calcium and potassium or between calcium and any other 
essential element. 
20 
The conclusions of Llpman are further upheld 
by the work of .yatt (84) with wheat, soybeans, cow- 
peas, and alfalfa, Prianechnikow (63) found that weak 
solutions of the salte of magnesium, calcium, barium, 
and strontium in concentrations of Q.00Q5H to 0.005N 
increase the resistance of cells to free acid, and of 
the cations used, calcium showed the strongest antagonism. 
Heed and Haas (67) showed that roots of citrus 
seedlings grown In the absence of calcium were injured, 
as indicated by the gelatinization of the superficial 
layers and the alternate death of the roots. If injury 
has not progressed too far, the addition of calcium in¬ 
duces the production of later roots# 
Eamford (4) noted that no lateral roots were de¬ 
veloped by wheat and corn when calcium was absent from 
the oulture solution, Albrecht and Davis (1) considered 
that calcium plays some physiological role favoring 
nodule formation of soybeans, 
Tiedjeno and Schemerhorn (74) four*! that calcium 
deficiency resulted in greater toxicity to the plants than 
the deficiency of any other ion. This was assumed to 
have been due to the fact that calcium acted as an antag- 
21 
oniser for the other cations arid when It was absent 
from the nutrient solution permitted potassium and 
magnesium to become toxic to the roots, which quickly 
turned brown and died# New root primodla were stimu¬ 
lated, but these were of very short stubby growth, 
many of them forming bulbus tips# 
Barton and Trcleaae (5) In a study of the elonga¬ 
tion of the primary roots of wheat seedlings in single 
salt solutions of manganese chloride and calcium nitrate 
and in solutions containing both of these salts indica¬ 
ted that manganese chloride in single solutions of pro¬ 
per concentrations exercises a pronounced stimulating 
effect on the root elongation of young wheat seedlings* 
Calcium nitrate in dilute solution was found to show no 
significant stimulating effect, and at high concentra¬ 
tions was found to bo far less toxic than manganese 
chloride* Calcium nitrate showed a narked effect In re¬ 
ducing the toxieity shown by the higher concentrations 
of manganese chloride In simple solutions, and It also 
reduced the stimulating effect that low concentrations 
of manganese exhibited in simple solutions. Differences 
were also observed in appearance of the roots grown in 
simple salt solutions indicating specific toxicity. The 
symptoms of poisoning by manganese chloride were found 
-22 
to be characterized by brown rings distributed at 
rather regular intervals on the roots, 
Miller (50) states that the importance of cal¬ 
cium in the root hair and in root growth is attributed 
largely to its being the only constituent of the cell 
wall, which is of direct external origin ; although it 
must be recognized that calcium also plays a part in 
antagonism, H^-Ion concentration, and permeability. 
True (82) disclosed tho possibility of antagonistic re¬ 
lations between cations toward other compounds, found 
that maize and wheat seodlings with roots in dilute solu¬ 
tions of potassium salts suffered loss of organic constitu¬ 
ents by diffusion into the solution. Under these condi- 
% 
tions the plants were incapable of resisting entrance 
of copper and other toxic ions. Microcheraical tests 
indicate that calcium pectate formed the outer-most layer 
of cell wall and that magnesium and other metals become 
toxic after they had replaced calcium in this relation. 
Tottingham (75) states that when a molecule or 
ion tends to increase the permeability of protoplasm 
it acts simultaneously with one which tends to decrease 
permeability, the two are considered to act antagonis¬ 
tically. He also states that under proper conditions 
23 
the antagonistic effect may neutralise each other# 
The principle of antagonism plays an important 
practical role in the use of spray mixture to control 
parasites on crop plants. It applies, for example, to 
the joint use of CUSO4 and CaCOHjp in bordeaux mixture# 
*» 
Early investigators suggested that an antidotal salt 
either depressed the electrolytic dissociation 01 a toxic 
on© or formed a double salt with it. 
1 ' 
Osterhout and Hill(62) found that the antagonistic 
action of calcium in some cases at least appears to de¬ 
pend on its power to prevent substance from leaching out 
of the cell, — an observation which Is apparently con¬ 
sistent with that of True and other investigators# 
3renchley (8) concluded from a careful survey of 
the literature to that date that copper compounds under 
the most typical conditions act as poisons to the higher 
plants and that it is only under particular conditions 
and in verj dilute concentrations that copper shows any 
stimulating action* 
McKargue (49) found that the copper content of 
various plants and plant parts range! from a trace to 
46 p#p#m* of dry material, while yaquenne and Demoussy 
(44) found 0*25 mg., of it per liter of expressed pota¬ 
to sap of the potato and as high as 40 mg., per kilograms 
e 
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of dry substance of lettuce. The response of plants 
to copper has been noted in its effect on increasing 
vigor and yield, on quality, on the control of chlo¬ 
rosis, exanthema and "freaching", and the prevention 
of "salt sick” in live stock. 
A wide range of plants has been found by Allison, 
Bryon, and Hunter (2) to respond in growth and production 
in a remarkable way to the application of 30 to 50 lbs. 
per acre of copper sulphate to the raw peat soils of the 
Florida Everglades. 
Sommer (72) stated that amounts of copper as low as 
0.06 mg. per liter of nutrient solutions produced a marked 
effect on’the dry weight of the plants growing therein. 
Lipman and Kackinney (35) reported that barley plants were 
unable to form seals without having copper in the root 
medium. Amounts as low as 1/16 to l/8 p.p.m. were suf¬ 
ficient to produce seed. 
Scharrer and Schropp (69) reported that copper sul¬ 
phate was injurious in most concentrations used. They 
further found that exerted an antagonistic action 
to copper injury. 
Grossenbaoker and Livingston (21) from the results 
of a 42 day series of solution cultures indicated that 
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Mn,+ Zn,+ and Cu" all were necessary for excellent growth 
of Black Amber Soi*£^um» Apoarent symptoms of malnuti- 
tlon seemingly due to Mel,+ Zri!,* and Cu+deficiency are su¬ 
perficially described in the terms of the appearance of 
the plant and in terms of dry weight of the tops, roots 
and water content of top. 
According to Miller (51) the elements known to 
have stimulative and prophylactic effects are boron, 
copper, iron, manganese and zinc and possibly cobalt. 
Ee also states that they are necessary in small amounts 
and are all toxic in larger concentration. Therefore, 
their use in horticulture and in agriculture has to be 
very carefully controlled. 
Preliminary tests carriei out by De Rose, Eisen- 
menger and Ritchie (16) Indicated clearly that .05 to .15 
-M- 
p.p.m. Cu were stimulating to tomato plants, in sand cul¬ 
ture, while 1 p.p.m. or more were toxic, ns v/ere 10 p.p.m. 
or more Znt* 
Arnon and Stout (3) by various suitable procedures 
for removing incidental contaminations of the heavy metals 
derived from containers, distilled water and nutrients 
salts, consistent and reproducible demonstrations of the 
in&ispensibility of CuJ+ Zxtf and Utri*for the growth 
of tomato plant© In solution© were sad© possible. The 
essentiality of each of these metalt was tested and 
confirmed by producing characteristic deficiency 
symptoms. Thus Cu*,4 'Jn9+ and Zzf^are no longer to be 
regarded merely stimulants; they aro essential mineral 
nutrients. It is highly probable that small quantities 
of a number of other elements will be found to be indis- 
ponalble. 
According to Hakanxura (52) lithium in the form of 
lithium carbonate In amounts ranging from 10 to 100 mg, 
per kilogram of soil oxorted a atimulatlno action upon 
barley and peas. Voeloker (03) came to conclusions from 
several years1 investigations with lithium salts that 
lithium, in th© form of any of its salts, produce toxicity 
If it is in the soil to the extent of 0.005 per cent or 
above this amount, when present in the soil not exceed¬ 
ing 0.002 per cent, lithium possesses a stimulating in¬ 
fluence and is no longer toxic in nature. 
Frerklng (19) stated that lithium, like magnesium, 
is very poisonous to organism requiring calcium, but not 
to calcium free algae and fungi; while the influence of 
magnesium can be annulled by th© employment of calcium 
salta, that of lithium is only retarded in this way. 
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Brenehley (9) employing water culture experi¬ 
ments obtained a suggestion of stimulation with dilute 
concentrations of lithium chloride in the presence of 
nutrient salts, paralleling Voelcker’s results with 
other lithium compounds in so11* 
Loew (41) reported that an excess of magnesium 
salts produce harmful effects which arc lessened by ad¬ 
dition of calcium salts* Miller (51)stated that when 
magnesium in the form of magnesium sulphate is present 
in relatively large amounts of nutrient solutions, the 
leaves of cereals growing therein show characteristic 
magnesium injury* He further stated that the addition 
of calcium salts is beneficial in overcoming this injury 
and the results have been considered as a proof that 
one of the functions of calcium is to overcome the toxic 
action of magnesium, which is in agreement with Loew* 
Treleaae and Trelease (79) reported that magnesium 
injury of seedling wheat grown in cultural colution from 
9 to 12 days aro very marked. The growth of the terminal 
roots are inhibited end a number of adventitious roots 
are produced* Carmin (12) noted that magnesium sulphate 
was more toxic to the roots than to the tops, and more 
toxic to the main roots than the lateral ones, which 
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is apparently in agreement with Treleas© and Trolease (73) 
and Eisenmenger (17); Eisenmenger (17) found that 
magnesium 0*Q6M. solution was very toxic to roots of wheat 
seedlings grown in solution cultures* 
It has been consider©; by HcHargue (48), Bishop (6), 
Bryan (10), Eopkins (27), ^lark (15) and others that man¬ 
ganese is an essential element for the growth of plants* 
It has been observed that the absence or scarcity of mag- 
on© se results in disturbed carbohydrate metabolism, chlo¬ 
rosis, retarded growth, a decrease in the content of ash 
and the failure to reproduce. 
McCool (47), considering the toxicity of manganese 
studied its effect in various cultures using pea and wheat 
seedlings. He reported that pur© solutions of manganese 
salts are extremely poisonous to wheat and pea seedlings, 
and that the degree of toxicity is greatly reduced by full 
nutrient solutions and by soil cultures. He also found 
that calcium was effective in counteracting the poisonous 
action of manganese. Brenchley (7) reported that manga¬ 
nese exerted a toxic influence on the higher plants if 
present in high concentrations, but in absence of on ex¬ 
cess of manganese compounds the poisonous effeot is over¬ 
shadowed by a definite stimulation* 
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Geoffrey and Piper (28) oonfirmed the conclu¬ 
sions of previous investigation that Kn^is an essential 
element for plant growth by the means of water cultures. 
They also reported that the presence of excess calcium 
ions which have at various times been claimed as a cause 
of the grey speck disease of oats does not appear In wa¬ 
ter culture vhen a soluble '/ji^salt is present. 
Hopkins (23) increased the growth of chlorella GOQ- 
fold by the addition of manganese, in concentration of 
1/5 p.p •m., to nutrient solutions that lacked this ele¬ 
ment. Clark and Fly (14) found that concentrations of 
manganese exceeding 1 p.p.m. become toxic for Lemna minor, 
and that the size, weight, reproduction and ash content 
of this plant become very irregulat*. 
Jacobson and Swanback (29) reported that tobacco 
showed toxic symptoms when growing in nutrient solution 
containing as low a concentration of manganese as 1 p.p.m. 
W&ze (45) considered that sine is one of the ele¬ 
ments essential for the development of the com plant and 
his statement was verified to some extent by Llpraan, Davis 
and West (53). Hakamura (52), however, could observe no 
stimulating effect of zinc upon the growth of rye, peas, 
anion, or mustard. 
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Sommer and Llpman (70) furnished evidence that 
zinc is essential to dwarf sunflower and barley. Sommer 
(71) noted that the plants of buckwheat grown without 
zinc were much smaller than the controls, 
Bobers (68) observed in cultures of chlorella 
vulgaris that 0.001 mg. of zinc per 100 c.c. of nutrient 
solution stimulated growth but that 0.005 mg. per 100 c.c. 
of solution retarded growth under all conditions. 
It was reported by Chandler, Hoaglond and Hibbard 
(13) that the spraying of peaches and apricots in the 
spring with lime-zinc solution when the symptoms of 
wlittle-leafw were most prominent, improved the fruit. 
Hoagland, Chandler, and Hibbard (2G) found that if zinc 
was withheld from nutrient solution in which apricot, 
tobacco, squash, com, mustard, tomato, and other plants 
were growing, these plants developed symptoms of little 
loaf. 
In a careful series of water culture experiments 
Sommer (71) reported that zinc was essential to the growth 
of wheat, barley, bucki&eat, bean, and sunflower, and was 
not merely prophylactic in its action. 
Brenchley (8) stated that zinc compounds are some- 
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what less toxic to higher plants than copper, and that 
their stimulating influence is still uncertain except 
in very great dilutions* Brenchley (3) also reported 
that sine sulphate in hijh concentration to he very toxic 
to barley and peas and no evidence of stimulation when 
as great a dilution as 1 to 200,000,000 parts was used* 
Jones (30) found that 300 p.p.m. of zinc in replace¬ 
able form present in the Norfolk fine sand was definitely 
toxic. Calcium carbonate applie.i to the soil at the rate 
of 1,000 pounds per acre alleviated the toxic action. 
Haas (22) reported that sine in large concentrations 
was toxic to lemon seedlings, injured the roots, dwarfed 
the tops, and reduced the size of the leaves giving a 
rosette like appearance to the tops. The maintenance of 
a percentage of soluble calcium within a given range in 
the solution cultures was found highly important for the 
health of citrus. 
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Experimental Methods 
The methods used were essentially the same as 
those described by Trelease and Trelease (76) (78), 
Barton and Trelease (1327) (5), and by Elsenmcnger 
(17} (18)* Seedling stage of tho soy bean (variety 
Lunfield) was employed in the growth trials. They were 
germinated on moist filter paper in glass culture dishes 
In a dark room. 
For each culture two pyrex beakers (tall form with¬ 
out lip) were used. The small beaker was of 300 c.c, ca¬ 
pacity, the larger of 600 c.c, capacity. Over the top of 
the small beaker was stretched a piece of paraffined mos¬ 
quito netting which was secured below the rim by a lega- 
turc of paraffined thread. The smaller beaker was placed 
Inside the larger one, and the culture solution was poured 
in until the liquid levels Inside and outside the smaller 
beaker were even at its top, 
When the primary roots of the seedlings had an 
average length of about 20 m.m., selected seedlings were 
placed on the mosquito netting so that the roots dipped 
Into the culture solution. Duplicate cultures, each of 
twenty-five plants, were used for each experimental 
solution. The cultures were placed in a dark room, and 
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the seedlings were allowed to grow until the primary 
roots of the control culture had acquired a length of 
about 95 mm, or until these roots had elongated 
about 75 ram. 
The length of the primary root of each individual 
plant was then recorded, and the average length of the 
roots of each culture was computed. Prom this length was 
deducted the average length of the roots when the seed¬ 
lings were taken from the geminating dish. This differ¬ 
ence constituted the avora^e elongation for the culture. 
Each relative growth value was obtained by dividing the 
average elongation of a given culture by the average 
elongation of the control culture and multiplying this 
quotient by one hundred - ftlven culture x 100. 
Control culture 
The average minimum temperature during the growth 
of the roots of the seedlings was 21°C., and the average 
maximum, 25°C* The time required for the roots of the 
control to acquire a length 75 ram averaged 132 hours. 
Two control cultures of twenty-five plants and two dis¬ 
tilled water cultures of twenty-five plants were included 
in each series. The control solution was Knop’s solution 
(64). 
The compounds calcium nitrate, copper sulphate. 
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lithium carbonate, magnesium sulphate, manganese 
sulphate, and zinc sulphate were run singly in culture 
solutions to test toxic effects. The antagonistic ef¬ 
fect of the calcium ion was tested by means of mixed 
solutions containing pairs of these salts - namely, 
Ca(CuSO^, Ca(ITO^Jg + LigCOrj, CaClTO^^-t’ KgSO^, 
Ca( 1103)2+ MnSO^, and Ca( 1103)2 + ZnS04. The concen¬ 
tration of calcium nitrate and magnesium sulphate ranged 
from .05 to .0025M, copper sulphate from .000005 to 
•00000025M, lithium carbonate and zinc sulphate from 
.00005 to .0000025M and manganese sulphate from .0005 
to .000025, or 5, 25, 50, 75, 95, and 100 percent. In 
the case of mixtures, from five to seven sets of per¬ 
centage molecular proportions were used: 0+ 100, 5+ 95, 
25+ 75, 50 + 50, 75+ 25, 954-5, and 100+0. 
The water was obtained from a Barnstead still. 
The compounds used were Baker*s C.P. Analyzed Reagents. 
The experimental work was performed in the agronomy 
laboratory, during the period from October, 1938 to 
November, 1939• 
Experimental Results and Discussion 
As previously stated, special attention In this 
study Is given to the effect of the single and mixed 
salt solutions upon the growth and appearance of the 
roots of the plant, furthermore, a greater part of the 
study is concentrated on the antagonistic effect that 
the calcium ion has upon the other Ions when In nixed 
solution with each. The relation between growth rates 
of single solutions, mixed solutions and different pro¬ 
portions of these mixed solutions arc illustrated by 
tables, graphs and photographs. It will be observed 
that the graphs differ greatly in form; each will be 
considered in the following section of the paper, also 
the tables and photographs will bo referred to for sim¬ 
plicity. These illustrations clearly show that the single 
solutions are more toxic to the roots than the mixed 
solutions. 
Simple Solutions of Calcium ITitrate. 
The roots in the solutions of Ca()2 were nor¬ 
mal in appearance, except in the highest concentration, 
where they were spindling and exhibited an increased 
tendency to break when handled. In all concentrations 
the rat© of root growth was more rapid than that of the 
distilled water, \shlch is thought to be duo to th© pre¬ 
vention of th© withdrawal of ions from th© roots of th© 
plant by th© calcium ion (True 01). Hoot hairs were 
especially conspicuous in the CadJO^J^ solutions which 
appears to indicate that th© calcium Ion pronotes th© 
growth of root hairs* 
In solutions of CadTO^g the greatest elongation 
of roots wore at 5 per cent of ,05!f solution. As th© so¬ 
lutions increased in concentration from ,0023M to .05 If 
there was a pronounced retarding of growth, which was duo 
to toxicity (plate 1, table 1, Pig. 1). The optimum con- 
i 
coatration, as indicated by rate of root growth is .0025 X 
which permits 00 per cent of control. It is oonoluded 
« 
that calcium nitrate greatly stimulates growth in moderate 
concentration, but is toxic in greater concentrations. 
In single salt solutions one of the salts that Is least 
toxic to seedlings is calcium nitrate in dilute solutions, 
. • 
Eleenmonger (17), In moderate concentration of Ca (!<0~) n 
solutions root hairs were especially conspicuous, Similar 
observations are rocorded by Treloase and Trele&o© (77), 
Eisenmenger (17) and others. 
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Table 1 
Growth of Seedling Roots In Solution of 
Calcium Nitrate 
No. 
Per cent 
.05 M • 
Ca(NOj'2 
M 
Ca(N03)2 
1 0 0 
2 5 .0025 * 
3 25 .0125 
4 50 .0250 
5 75 .0375 
6 95 .0475 
7 100 .0500 
ppm 
Ca(N03)2 
Average 
elonga¬ 
tion 
m m 
Per cent 
growth 
relative 
to con¬ 
trol 
0 23 31 
595 64 89 
2,950 41 57 
5,900 43 59 
8,850 38 52 
11,210 27 37 
11.800 25 33 
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Plate 1 
Photograph showing action 
centrations of .05 M Ca(N0 
plants. 
of percentage con- 
'3)2 on root8 of soybean 
Ho. Per cent 
Ca(N03)2 
Per cent 
Proportions 
1 0 0 
2 .0025 5 
3 .0125 25 
4 .0250 50 
5 .0375 75 
6 .0475 95 
7 .0500 100 
Control 
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Simple Solutions of Copper Sulphate 
In very dilute solutions of CUSO4 (.0GQ0Q025M) 
root growth was exhibited above that of distilled water 
(Table 2, Fig. 1), but In the greater concentrations 
were very toxic, exhibiting stubby, knotty roots of a 
brown color* All lateral root growth took place near 
and above the surface of the solutions. In the most 
toxic concentrations the primary roots were of a grayish- 
brown color and had a tondency to slough off at the 
tips. The greater the concentration, the greater was 
the toxic effect on both roots and tops. The initial 
rise in the curve, (Figure 1) for a very dilute solu¬ 
tion of CuSO^ Is of special Interest, since it appears 
to be related to a principle frequently stated In 
physiological literature — namely, that dilute solu¬ 
tions of a substance which are toxic in higher concen¬ 
trations may be expected, to have stimulating effects 
at extremely low concentrations. The ions being in 
Intimate contact with the roots are more toxic to 
the roots than the tops. 
Table 2 
Growth of Seeding Roots In Solutions 
of Copper Sulphate 
Ho. 
Per cent 
•0G00Q5M 
CuSO^ 
u 
CuSO^ 
ppm 
CuSO^ 
Average 
elongation 
m m 
Per Cent 
Growth 
relative 
to control 
1 0 0 0 25 31 
2 5 .00000025 .0624 23 31 
3 25 •00000125 .3121 16 20 
4 50 .00000250 .6242 10 14 
5 75 .00000375 .9361 0 
» 
0 
6 25 .00000475 1.1860 0 0 
7 100 .00000500 1.2475 0 0 
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Simple Solutions of Lithium Carbonate 
Roots that were grown in the solution of Li 2C03 
were very Irregular in Is ngth, bent near tips, stubby 
and slightly brownish in color. The primary roots were 
affected much more by the toxic action than the laterals. 
The more concentratod solutions of the salt appeared to 
be less toxic to the roots than the more dilute solutions 
used. (Table 3, Pig* 2). The reason for this reaction 
is unknown. 
It will be observed throughout the range of con¬ 
centrations (Pig* 2) that the curve for LlgCO^ fails to 
reveal any evidence to Justify the formulation of any 
simple rule regarding the relationship of toxicity to 
concentration. In this particular, the single-salt 
solutions of lithium differ from all other single-salt 
solutions used in the present study. Nevertheless, it 
will be observed that all concentrations of the salt 
used were very toxic to the roots, the best growth being 
only 37 per cent of that of the control. (Table 3). 
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Table 3 
Growth of Hoots in Solution of Lithium 
Carbonate 
Ho. 
Per cent 
•0Q005M 
L12C03 
M 
LigCOj P P El Li2C°3 
Average 
elonga¬ 
tion 
m si 
Per cent 
growth relative 
to control 
1 0 0 0 23 31 
2 25 .0000125 .923 13 29 
3 50 .0000250 1.347 19 31 
4 75 .0000375 2.763 18 28 
5 100 .0000500 3.694 27 37 
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Simple Solutions of Magnesium Sulphate 
There were very little growth in a 5 per cent 
solution of *05tl (Table 4); and above this concentra¬ 
tion there were no growth at all, of the primary roots. 
The roots were stubby, bent and had a dark brown color} 
the coloration being especially conspicuous near the up¬ 
per part of the roots where they join the stem; the entire 
lower part of the roots showed signs of flacidity, slough¬ 
ing off, and general disorganisation. Only a few lateral 
roots were formed below and near surfaces of 5 and 25 per 
cent of .05M solutions. In solutions above 25 per cent 
of *05M. there were rarely over 3 or 4 laterals formed 
on the plants and these formed above surface of the solu¬ 
tions. This was a conspicuous symptom of the toxic ef¬ 
fects of the magnesium ion. 
There Is an abrupt decline in the curve for Mg504 
(Fig. 3) from 0 to .Q025M and finally exhibits a gradual 
decline within the range from .Q025M to .0125M. This is 
evidence that MgSO^ Is very toxic at these concentrations 
to soybean roots. It further Indicates that magnesium 
in single solutions are more toxic to plants than distilled 
water, for growth In distilled water equalled 31 per cent 
of the control. MgSO^ solutions are more toxic to roots 
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than to the tops* 
Loew (41) found that plants are quickly Injure! 
by a solution which contains a magnesium salt but lack 
a calcium 3alt, He further found that the presence 
of calcium in sufficient concentration prevented the 
toxic action of magnesium. In later papers he empha¬ 
sized the great importance of a proper balance between 
magnesium and calcium in the soil as well as in solu¬ 
tion cultures, (Loew and May 1901) (42), 
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Table 4 
Growth of Roots In Solution of Magnesium 
Sulphate 
No. 
Per cent 
.05 M MgS04 
M 
MgS04 
ppm 
k6so4 
Average 
elonga¬ 
tion 
m m 
Per cent 
Growth 
relative 
to control 
1 0 0 0 23 31 
2 5 .0025 615 6 9 
3 25 .0125 3,075 0 0 
4 50 .0250 6,150 0 0 
5 75 .0375 9,225 0 0 
6 100 .0500 13,300 0 0 
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Simple Solutions of Manganese Sulphate 
Hoots of seedlings grown In solutions of MnSO. 
resembled those grown In t'gSO^, except they exhibited 
a characteristic brown color with light and brown rings 
around them at rather regular Intervals* In no lnetance 
did growth In the solutions ©qua! to that of distilled 
water, which were only 31 per cent of the control (Table 
5, Pig* 4). The moot dilute solution used, (*00025?!}, 
permitted only 2 per cent growth of that of the control, 
which indicates readily that is decidedly toxic 
to the roots of soybean seedlings when presented singly. 
There were very little lateral root growth exhibited and 
0 
this was near and above surface of the solution, however, 
they grew better than the primary root. In all concen¬ 
trations the solutions were more toxic to the root© 
than to the bops. 
There is an abrupt decline In the curve for 
(Fig. 4) within the range from 0 to .000025'!, which In¬ 
dicates clearly the toxicity of the manganese Ion. 
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Table 5 
Growth of Hoots In Solutions of Manganese 
Sulphate 
No* 
Per cent 
.000521 MnS04 
M 
KnS04 
p m ra 
MnSO^ 
Average 
elonga¬ 
tion 
m m 
Per cent 
growth 
relative 
to control 
1 0 0 0 23 31 
2 5 .000025 3.774 1 2 
3 25 .000125 1C,373 0 0 
4 50 .000250 37.747 0 0 
5 75 .000375 50.021 0 0 
6 95 .000475 71.620 
* 
0 0 
7 100 .000500 75P495 0 0 
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Simple Solutions of Zinc Sulphate 
Zinc solutions were found to he decidedly toxic 
to roots of seedling, hut not exceeding that of copper, 
which was found to he most toxic of the Ions used. The 
roots of plants grown in ZnSO^ solutions were stubhy and 
exhibited a light brown color and were In a spongy gela¬ 
tin us condition. Laterals grew only near and above sur¬ 
face of the more concentrated solutions. Growth In the 
most dilute solutions used (.0000025M) were only 51 per¬ 
cent of that of the control (Irig* 5, Table 6), This 
is evidence that zinc Is decidedly toxic in single salt 
solutions, however. It has been found that zinc stimu¬ 
lates growth in the most dilute solutions, by Amon, 
Stout and others. In all Instances solutions were more 
toxic to roots than tops* 
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Table 6 
Growth of Roots In Solutions of Zinc 
Sulphate 
Per cent U P p a Average , Per cent 
.000051! ZnSO^ ZnS04 elongation growth 
Ko. ZnSO^ m m relative 
to control 
1 0 0 0 23 31 
2 5 .0000025 • -a
 
to
 
26 34 
5 25 .0000125 5.50 0 0 
4 50 .0000250 7.17 0 0 
5 75 .0000375 10.76 0 0 
6 95 .0000475 13.63 0 0 
7 100 .0000500 14.35 0 0 
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Mixed Solutions of Calcium Nitrate and 
Copper Sulphate 
/ 
In all percentage moleoular proportions of 
CaCNO^Jg (,05K) and CuSO^ (,0000051.') solutions the 
seedling exhibited a good color. They were vigorous, 
bright In color and resemble those of the control so¬ 
lution, The optimum salt proportions as indicated by 
figure 1 and table 7 are 95 per cent CafNO^Jg and 5 
percent CuSO*, for the relative concentrations used, 
which, permitted growth 85 per cent of that of the con¬ 
trol, Growth equaling 85 per cent of control is con¬ 
sidered optimum. 
It will be observed In figure 1 that there is a 
conpicuous rise In the curve as the calcium Ions were 
increased and the copper Ions decreased. Thus, the 
T* *4. _ • ' , _ * 
growth tends to be directly related to the increase of 
calcium ions and Inversely to that of the copper ions, 
(Plate 2, table 7), It seems that the calcium ion pre¬ 
vents the unfavorable Influence that the copper ion has 
on the protoplasm of the roots when it Is added in great 
enough concentration and permits the cells to function 
more normally. 
In general the curve for growth In mixed solutions 
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exhibits a steep slope at the extreme left and the ex¬ 
treme right. These steep portions correspond to salt 
mixtures in which the relative percentage portion of 
one of the salts to the other is very low. These may 
be considered the critical ranges of salt proportions 
In which a slight difference in ratio of one salt to 
the other is correlated with a very pronounced dif¬ 
ference in the rate, v.lthln these critical ranges 
the roots are very sensitive to small differences in salt 
proportions. Between the critioal ranges of salt propor- 
tions, a marked difference in salt proportions may occur 
without any corresponding difference in rates of growth. 
Optimum salt proportions, when it is possible to dis¬ 
tinguish these, of course lie in the range of indifference. 
The observed optimum growth value with mixtures of 
.0475 M Ca(lT03)2 and .00000025 H CuSO^ indicate that max¬ 
imum rate of growth would be associated with an increase 
of the calcium ion or a decrease of the copper ion. It 
was found in the preliminary tests that better increase 
in the rate of growth was obtained when CuSQ^ 
creased from .00005 U solution to .000005 II, with G&ClfOjjJg 
remaining the same .05 M (plate 2). There were very lit¬ 
tle growth in percentage proportions of .05 H (GafHO^Jg 
and .00005 If CuS04^ which indicated that copper sulphate 
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at this concentration is too toxic to be ameloriated 
by the calcium nitrate. This in general agrees with 
the observations of Brenchley (8). It appears that 
as soon as a certain limit is reached, the copper ex¬ 
ercises a corrosive influence upon the outer layer of 
the root where-by its functions are impaired, so that 
the vital activities of the plants are seriously inter¬ 
fered with and growth is entirely or partially checked. 
Antagonistic Effects of Calcium Ion 
Whether or not antagonism exists in mixed solu¬ 
tions of salts is indicated in most cases by the relative 
positions of the three curves shown in figure 1. These 
represents (1) the growth rates in mixed soltitions of 
Ca(N03)2 and CuSO^, (2) the growth rates in simple solu - 
tions of CuSO^ at concentration equal to the mixed so¬ 
lutions, and (3) the growth rates of the corresponding 
simple solution of CadTOj)^. Antagonism is considered 
to exist when the growth rate in the mixed solution is 
* 
more rapid than in the more toxic single salt solution, 
that is when the curve for growth in the mixed solution 
is above the lowest curve for the simple solutions. 
By this criterion it is evident that marked an¬ 
tagonism is indicated for the mixed solutions illustrated 
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« 
in plate 2 and figure 1. Antagonism is also shown 
clearly since the curve for growth in the mixed solu¬ 
tions lies above the lowest curve for the single solu¬ 
tions • 
Osterhout (55) (56) (58) (60) was the first to 
attempt to estimate antagonism in a quantitative manner. 
As he pointed out, antagonism may exist even if the 
growth rate in the two salt solutions is less rapid 
than in the more toxic single salt solution; and for 
an exact measurement of antagonism, it is necessary 
to determine the 1 additive effect1 — that is the total 
growth retarding effect that the mixed solution would 
have if neither salt influenced the toxicity of the 
other salt. Antagonism may thus be regarded as existing 
if the actual growth-retarding effect of the mixed so¬ 
lution is less than that of the additive effect; and 
quantitative expressions of antagonism may be based upon 
a comparison of these two effects. 
The method here used in obtaining an approxima¬ 
tion of antagonism is essentially the same as that de¬ 
scribed by Osterhout (60) and Eisenmenger (17). 
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Plate 2 
Photorrnph showing action of proportions of ,05 M 
CafHO^Jg and .000005 H copper sulphate solutions on 
roots of soybean plants. 
Ho. 
Molecular 
Ca(H03)2 
Proportions 
CuSO^ 
Per cent 
proportion 
Ca(S03)2 CuSO^ 
1 0 0 0 0 
2 0 + .00000500 0 100 
3 .0025 .00000475 5 95 
4 .0125 .00000375 25 75 
5 .0250 .00000250 50 50 
6 .0375 .00000125 75 25 
7 .0475 .00000025 95 6 
0 
9 
.0500 0 
Control 
100 0 
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Mixed Solutions of Calcium Nitrate and 
Lithium Carbonate 
In mixed solutions of Ca(IT03)2 and LlgCOj, the 
deleterious effect that the single solutions of these 
salts have upon the roots are completely masked and the 
rate of growth of all percentage proportions exceeds 
that of the control (fig. 2, plate 3, table 8)* The 
lateral root growth as well as the primary was excellent. 
In general the curve for the mixed solution tends 
to be round-topped and systematrical, and does not resemble 
the curve for Ca(ITO^)^ and CuSO^. The curve exhibits a 
steep slope at right and left sides and a gradual sldpe 
in the middle portion, which indicates the range of in¬ 
difference, Growth is nearly the same for wide varia¬ 
tions in the relative percentage proportions of the two 
salts. This is probably due to the relative dilute con¬ 
centration of lithium and the relative hi$i concentration 
of calcium. 
Since the rise of the ourve reaches it highest peatk 
at 50 per cent of ,05 M CafNO^Jg and ,00005 U 11 gCO<5, this 
is evidence that the optimum growth is obtained at these 
proportions. This fact indicates that the calcium Ion 
greatly antagonizes the lithium ion and lithium counter¬ 
acts the toxicity of high concentrations of Ca( 
57 
(fi^* 2# plate 3, and table 8)* In order to ameloriate 
the toxicity of IdgCO^ arid to produce optimum growth, 
the molecular ratio of CaCHOjJg must be greater. How¬ 
ever, with too great a proportion of Ca(N02)2 there will 
be a decrease from the optimum* 
Antagonistic Hffect of Calcium Ion. 
Antagonism is clearly shown for all of the mixed 
solutions of Ca(K05)g and LigCO^ illustrated in figure 3 
since the curve for growth in mixed solutions extends not 
only above the higher portions of the higher portions of 
tae curves for single—salt solutions, but above the con¬ 
trol. Ifutual antagonism is brought out distinctly, since the 
greater part of the curve representing growth in the two- 
salt solutions lies above the higher of the two curves 
for growth in the cingle-salt solutions. The above fact 
denotes tliat there is a decidedly antagonistic effect 
i 
between ions of calcium and lithium. Calcium had a greater 
antagonizing effect on the lithium than lithium had on 
calcium is evident. Since root growth was most rapid at 
the percentage proportions stated above it appears that 
the ions were more nearly balanced and had a favorable 
influence on the life processes of the plant,which per¬ 
mitted better root growth* 
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Plate 5 
Photo raph showing action of proportions of 
.OS M Ca{anti *00005 K ZAfiCOg on ro°^® 
Ho* 
of soybean plants* 
Uolecul&r Proportions 
Ca(S0,j)jj U2C05 
Per cent 
Proportions 
Ca(IJ03)2 U£C0S 
1 0 0 0 0 
2 0 +• .0000500 0 100 
5 *0120 ,0000375 25 70 
4 .0250 .0000250 50 50 
5 .0375 .0000125 75 
25 
6 .0500 0 100 
0 
7 Control 
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&lX4d Solutions of Calcium HItrato and 
Magnesium Sulphate 
Hoots gtowa In mixed solutions of CaOTO^Jg and 
’4.SO4 wore very healthy looking and exhibited a good color 
except when the magnesium Ions were In excess of those of 
calcium. The greater the proportion of saagneslum to cal¬ 
cium, the more stubby and darker the roots appeared to be. 
The most rapid rate of growth was obtained at the percent¬ 
age proportions of 75 per cent CatKOjjJg (•0375 *i) and 25 
per cent M35SO4 (.0:125 M), In this proportion the rate of 
growth exceeded that of the control. This ratio of cal¬ 
cium to magnesium appears to be the optimum for the growth 
of soybean roots. 
The curve In figure 3 representing mixed solutions 
exhibits a steep slope at the right and left sides and 
also at the highest peak, which Is true for the more con¬ 
centrated salt solutions according to lsenmenger (17), 
The curve rises gradually from the left side of the dia¬ 
gram as the calcium Ion is increased and the magnesium 
Ion Is decreased, which Indicates that the maximum root 
growth Is obtained with a lower ratio of magnesium to cal¬ 
cium, The abrupt decline In the curve on the right of 
61 
the diagram indicates clearly the effect of the with* 
drawal of a small amount of magnesium on the root 
growth* It has been, reported by previous investigators 
that a calcium salt in culture solutions without a mag* 
nesium salt will lead to a gradual stoppage of develop¬ 
ment which was apparently true in this study. 
Antagonistic Infect of the Calcium Ion 
In mixed solutions of Ca(N03)g and KgSO4 antagonism 
is clearly Illustrated in figure 3# since the curve for 
growth in mixed solutions liesabove the lowest curve of 
the simple solutions. Mutual antagonism is shown very 
distinctly, since the .reater part of the curve represent¬ 
ing growth in the t wo-salt solution lies above the higher 
of the two curves of growth in the single salt solutions. 
It is conspicuously shown in plate 4 and table 9 that there 
is a pronounced antagonistic effort between calcium and 
magnesium Ions as Indicated by growth of soybean .roots. 
This is in accordance vdth the observations of Tiedjens 
and Schermerhorn (74) who assumed that calcium acted as 
an antagoniser for other ions and found that when it was 
absent from the culture solution permitted magnesium to 
become toxic to the roots* 
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Plate 4 
Photograph showing action of proportions of *05 M 
Cft(I?0^)2 and *05 K on roots of soybean plants. 
tfo. 
Molecular 
Ca i TIOtt ) ^ 
Proportions 
HgS04 
Per cent 
proportions 
CfcOTOOg MgS04 
1 0 0 0 0 
2 .0025 + .0475 5 95 
5 .0125 .0375 25 75 
4 .0250 .0250 50 50 
5 .0375 .0125 75 25 
6 .0500 0 100 0 
7 Control 
Mixed Solutions of Calcium Nitrate and 
-64 
Manganese Sulphate 
Hoots grown in mixed solutions of which the rela¬ 
tive percentage proportions exceeded that of Ca(N0^)2, 
exhibited a brown color with light and brown rings at 
rather regular intervals as did those grown in the single- 
salt solutions of MnS04» They were also stubby and 
formed very few lateral roots. As the percentage propor¬ 
tion of the calcium ion was increased to 75 and the manga¬ 
nese Ion decreased to 25, the rate of elongation and num¬ 
ber of roots increased, but declined beyond this point. 
♦ 
(Fig. 4, table 10 and plate 5). There were also a dis- 
apperance of tho brown rings and moro uniformity of root 
growth as the solutions become; more balanced. At this 
point the greatest amount of antagonism is shown. The 
roots appeared rather vigorous and resemble those of the 
control solution. 
In general shape the curve of figure 4 representing 
growth for mixed solution of CaOJO^Jg and MnS04 tends to 
have a round top, but resembles the one for Ca(N03)2 and 
HgSO^ the more. The curve exhibits a steep slope at tho 
right and left sides, and a gradual slope in the middle 
which is the range of Indifference. The steep portions 
correspond to the salt mixture In which the relative 
percentage proportions of one salt to the other Is 
very low, Tho long range of indifference of the curve 
Is perhaps due to the relative high concentration of 
the less toxic salt and the relative low concentration 
of the more toxic salt. 
Since the rise of the curve at the left side of 
the diagram Is gradual as the Ca(?T03)2 (,05H) Is in¬ 
creased and KnSO^ (.0005M) decreased to the point of 25 
per cent and calcium 75 per cent, there appears to. be an 
optimum proportion for these salts at which the maximum 
growth rate of soybean roots are obtained (Fig. 4), 
Antagonistic Effect of the Calcium Ion, 
Antagonism is clearly shown for the mixed solutions 
of Csl(^0^)2 MnSO^ illustrated in figure 4, since the 
curve for growth in the mixed solution lies above the 
lowest curve for the single solutions. Mutual antagonism 
Is brought out very distinctly, since the greater part 
of the curve for the two-salt solutions lies above the 
higher of the two curves for growth in the single salt 
solutions. The antagonistic effects of the two salts 
are conspicuously shown In plate 4, by the elongation 
of the roots. It can be definitely stated as found 
under the condition of the experiment that the calcium 
Ion has an antagonistic effect on the lsanganese ion. 
0 
However, when the rmngnmoe ion was increased in the so¬ 
lution above, the percentage proportion to the calcium 
ion tlier© were a turning brown of the roots, a deprese¬ 
ine of assimilation, and a relaxation in rate of growth, 
indicating the toxic action due to the mnganesc ion. 
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Plate 5 
Photograph ahowins action of proportion® of *05 K 
CaOlO^Jg and MnSO^ .0005 l! on roota Of soybean plant®. 
Ho. Koloeular Proportions 
Ca(K03)2 HnS04 
Per 
Pro 
Ca(H03)£ 
cent 
port!one 
ftlSO^ 
1 0 0 0 0 
2 0 + .000500 0 100 
3 .0125 .000375 25 75 
4 .0250 .000250 50 50 
5 .0375 .000125 75 25 
6 .0500 0 100 0 
7 Control 
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Slized Solutions of Calcium Nitrate and 
Zinc Sulphate 
In mixed solutions of Ca(UOs)2 and ZnS04 roots 
slK>v/©d little or no sign of toxicity; instead the roots 
wero rather Ion,; and vigorous and exhibited good color. 
The best growth in the mixed solution was exhibited in 
the relative percentage proportions of 75 per cent of 
(•05H) Ca(HOs)g and 25 per cent ZnS04 (*0000512)• 
In general shape the curve of figure 5 represent¬ 
ing the growth of roots in nixod solutions, tends to have 
a distinctly peaked top. It exhibits a rather steep slope 
at the rl^ht and left sides* The steep portions correspond 
to salt mixtures in which the percentage proportion of one 
of the salts to the other is very low* The rise of the 
curve from the left side of the diagram indicates that 
the calcium ion ameliorates tiio toxic effect of the sine 
ion when sine is present in small amounts* Since there 1b 
an abrupt decline in the curvo when the relative percentage 
proportions of ZnS04 exceeds that of Ca(U03)2# this is evi¬ 
dence that sine in too large amounts is not readily retarded 
in its toxic action by calcium* True and Gies (dO) showed that 
the addition of calcium salts in appropriate concentre- 
70 
tiona reduced the toxicity of sine salts considerably, 
but zinc alone retarded growth. 
? 
The decline in the curve representing growth 
when the relative percentage proportion of calcium 1* 
©5 to 5 of sine ie not definitely known. It is probably 
due to the greater concentration of calcium in propor¬ 
tion to sine, which permits the calcium to exert its 
toxic effects on the roots. 
Antagonistic affect of the calcium ion 
In agreement with the results for calcium nitrate 
and the other salts in mixed solutions, striking evidence 
* 
of antagonism is seen in figure 5, since the curve for 
CafHOgJg and ZnSO^ solution lies considerably above the 
corresponding curves for the single solutions* Moreover, 
mutual antagonism is clearly shown since a large part of 
the curve for the mixed solution lies above that of the 
less toxic single solution (Fig* 6). It can be definitely 
stated that the calcium Ion exerts an antagonistic action 
on the sine ion as shown by the growth of soybean roots 
(:i£. 5, table 11, plate 6). 
G
ro
w
th
 
o
f 
H
oo
ts
 
in
 
M
ix
ed
 
S
ol
ut
io
ns
 
o
f 
C
al
ci
um
 
03 <0 
LO £> 
■7i 
H 
OH 
S §> £ 2 
o 
Hi 
o 10 to Q *0 »0 o 
o o t> 55 01 H 
8 s 10 
10 £> w cs 10
0 
72 
•'late 6 
Photograph allowing action of proportions of .05 H 
Ca(!J0s)2 and .00005 ll Zn50^ on roots of soybean plants. 
Ho. Molecular Proportion. 
C(!I03)2 Zn£> 04 
Per cent 
Proportions 
C*0T03)2 2nS04 
1 0 0 0 0 
2 0 + .0000500 0 100 
3 .0025 .0000376 .5 95 
4 
.0125 .0000375 25 75 
6 .0250 .0000250 50 50 
6 .0375 .0000125 75 25 
7 ,0475 .0000025 95 5 
8 
.0500 0 100 0 
9 Control 
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Comparison of Results of Calcium Ion 
on the Different Iona Used 
In this study the basic molecular concentration of 
all the salts tested vary from that of Ca{sro3)g, except 
HgSO^# due to their extreme toxic effects, when applied 
singly in solution cultures to seedling roots# For the 
sake of simplicity, tha molecular concentrations of these 
salts will be stated again — Ca(X03)g and MgS04 .0551, 
LigC03 and ZnSO^* #000055!, CuS04# ,000005K and MnS04, 
•0005M. 
The calcium ion in all instances had to be in ex* 
cess of the other ions to overcome the toxicity meet ef* 
festively, induced by these ions on the roots of the 
plants# In order to retard the toxic effects of the 
various ions with the basic molecular concentration of 
Ca(H03)gt the bogie molecular concentration of the other 
salte had to be varied, for some required more calcium 
salt than others to alleviate their toxic action (figures 
1 to 5)# Of the ions used, the toxicity of the magnesium 
ion was the only one overcome in solutions of the same 
molecular concentration as that of calcium (#05H.) It 
can be observed in figure 3, that the curve for growth 
in solution of these two ions extends 10 per cent above 
* 
74 
the control, which Is higher than that of any of the 
two salt solutions* 
It can readily he observed from the tables and 
curves, that In mixed solutions, the Ions of manganese, 
lithium, sine and copper had to be far less concentrated 
than the calcium ion to obtain optimum growth# They all 
varied in degree of toxicity. In general, their order of 
toxicity from the least to the most toxic la as follows! 
CaV llg^Un^ Lit J&Thnd CuV 
The manganese Ion being more toxic than the mag¬ 
nesium Ion required more calcium Ions to retard Its toxic 
effects# In order to counteract the toxicity of the 
manganese ion most effectively, the molecular ratio of 
CaOfOjJg to KnSO^ appeared to be 0.0375 and 0.000125, 
respectively. This molecular proportion permitted growth 
to 05 per cent of control and 23 per cent less than that 
of the calcium-magnesium solutions (figure 3). This is 
evidence that the calcium Ion has a greater antagonistic 
effect on the magnesium ion than on the manganese ion 
at these concentrations• 
Since lithium is very high in the periodic table 
and very light in atomic weight, it was thought not to 
be very toxic. However, Its Ions are very toxic In 
small concentration, but is readily overcome by the ad- 
75 
dition of the calcium ton* In the basic concentrations 
of the salts used, .OSH Ca(JfC>5)2 and .00005K LlgCO^, the 
calcium ion overcame the toxic effects of the lithium ion 
most effectively a t the proportion of 50 per cent Ca{HOs)g 
(•Q250M) and 50 per cent Li2CQ3 (.00C0250M) (figure 2)* 
This as compared with the results of the oalclub ion on 
the other ions* magnesium and manganese, is very striking, 
for growth is stimulated to 15 per cent above that of the 
control, 5 per cent less than that of magnesium jmd cal- 
slum and equals to that of manganese and calcium* Lithium 
being a monovalent ion, is more easily retarded lb Its 
toxic action by the bivalent calcium ion (Loch 37)* There¬ 
fore, we can see why the lithium ion is retarded In its 
toxic action more effectively in a wide range of proportions 
with the calcium ion than the magnesium and manganese ions 
in the given concentrations. In the mixed solutions of 
calcium and magnesium and calcium and manganese, when cal¬ 
cium was in lesser percentage proportion! there were ardls- 
coloration of the roots, while in the mixed solutions of 
calcium and lithium the roots exhibited good color 
throughout all proportions* 
The results of the action of the calcium Ion on the 
Ions of copper and sine are practically the same as its 
76 
effect on the other ions, except more calcium lone 
were needed to retard the toxic effects of these as com- 
paired with the number used to alleviate the toxicity of 
the ions of Kg, IZn+an& Li* However, the copper ion was 
found to be more toxic than tho alno ion and required more 
calcium Ions to alleviate its toxic effects and permit 
optimum growth (figures 1 and 5), As it is observed, 
the basic molecular concentrations of SnSO^ and CuS04 
arc 0*00005 and 0*000005 respectively* The maximum 
Growth for the roots in tho sinc-calclum solutions equaled 
that of tho control, while tli&t of the calcium-copper so¬ 
lution was only 85 per cent of the control, 
Tho rueleoular proportion of CaOfO^Jg to £nS0^ that 
permitted tho maximum growth of roots were 0*0575 and 
0*0000125 respectively, while the molecular proportion 
of Ca(1705)£ to Cu£0^ that permitted oaxlnium growth was 
0*0475 and 0*00000025, respectively* This appears to 
indicate that the calcium ion 1ms a greater effect on tho 
ainc ion than it does on the copper ion in retarding their 
toxic effect on soybean roots. 
The calolum ion appeared to have protected and 
stimulated tho i^rowth of root hairs in all the nixed so¬ 
lutions when the salts were at nearly optimum proportions, 
as it did in tho single-salt solution. 
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Summary and Conclusion 
A study was made of the toxicity of calcium nitrate, 
copper sulphate, lithium carbonate, magnesium sulphate, 
manganese sulphate, and zinc sulphate in single-salt solu- 
tions, and the antagonistic effect of the calcium ion on 
each of these ions when in mixed solutions, as indicated 
by the growth and appearance of soybean seedling roots• 
The concentration of calcium nitrate and magnesium sul¬ 
phate ranged from .05M to 0.0025K, copper sulphate from 
•000005M to .00000025M, and lithium carbonate and zinc 
sulphate from .0000511 to .0000025M or 5, 25, 50, 75, 95 
and 100 per cent. In the case of the mixtures, from 
five to seven sets of percentage proportions were used: 
* * 
0 +100, 5 + 25, 25 + 75, 50+50, 75+ 25, 95+ 5 and 100+0. 
Soybean seedlings having roots with an Initial length of 
about 20 mm were placed in the culture solutions and grown 
in darkness at a temperature of about 23° C. Each was 
terminate 1 when the roots in the control solution had 
attained a length of about 95 mm, the period thus re¬ 
quired being about 132 hours, ibnounts of root elonga¬ 
tion, expressed as percentage of the elongation in the 
control solution, are used as the quantitative compari¬ 
sons of the physiological effects of the culture solu¬ 
tions. The principal results and conclusions: 
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1* The degree of the toxicity of the different 
ions vary greatly. The ions of each element have a speci¬ 
fic toxic effect on the roots, indicated by differences 
in appearance. The calcium ion was found to be the least 
toxic of tli© Ions used. <’diil© the ions of copper and 
ainc were exceedingly toxic; the ions of lithium were in¬ 
termediate between these and the ions of magnesium and 
manganese *foich were less deleterious, therefore the roots 
can withstand far more of the latter ions than the former. 
The calcium ion stimulates growth of roots and root hairs 
in moderate concentrations, while the other ions used 
stimulates growth in very dilute concentrations, the 
ions of copper and aino required the more dilute concen¬ 
trations of these, to prevent extreme toxicity and promote 
growth. Elongation was Inversely related to the concen¬ 
tration of all ions, except the ions of lithium, which 
seemed to have been the reverse, so therefore no defi¬ 
nite rule could be formulated regarding the relationship 
of toxicity to concentration for all the ions over the 
range of concentrations used. All ions were found to 
be more toxic to the roots than to the tops. 
2. The order of toxicity of the six Ions as in¬ 
terpreted (from most toxic to least toxic) is Cu^+ Zhi+ LlJ 
lSn4,+ Ug^Wd Cat* 
/ 79 
3* The more toxic Ions required the more calcim 
ions to retard their toxic effects, except in the case of 
lithium which needed relatively less to retard its toxicity* 
This is perhaps due to tiie monovalence of lithium* 
4* The typical curve representing growth in the 
two-salt solutions tends to exhibit a steep slope at the 
extreme left and the extreme right and a gradual slope in 
the middle* The stoop portions correspond to solutions 
in which the partial concentration of one of the salts 
Is very low* The higher portions of the curve correspond 
to proper proportions of the r;iven set of salts* 
5* With a given set of salt proportions the growth 
in mixed solutions was generally related to the increase 
in calcium ions and inversely rolated to the increase of 
* 
the other ion* 
6* The wide range of salt proportions which al¬ 
lowed nearly optimum growth is one of the conspicuous 
features of these results* Tills, probably is due in 
tills case to the relative high proportion of calcium 
ions in the solution to that of the other ions, except 
those of mgneslvea, which were in the same concentration 
os those for calcium* 
7. Marked antagonism is indicated for every one 
80 
of the mixed solutions tested. The usual criterion of 
antagonism is the more rapid growth in the mixed solu¬ 
tion than in simple solution of the salts. Mutual an¬ 
tagonism was clearly shown by all the solutions, but the 
solutions of calcium and copper, by the fact that growth 
in the mixed solution was more rapid than in & simple 
solution of the less toxic salt. 
8. To produce maximum growth in solutions of the 
calcium salt and the other salts the molecular ratio of 
the calcium salt had to b© greater than that of the given 
salt. 
9. The calcium ion had a decidedly antagonistic 
effect on the ions of copper, lithium, magnesium, manga¬ 
nese and sine, under the conditions in which the experi¬ 
ment was performed. However, there seems to be a limit 
to the concentration of the ions of copper and sine in 
culture solutions, which any given concentration of 
calcium Ions will antagonise. 
ai 
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